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A 1D Analysisof Direct and Indirect Drive Target Performance for
Planar Hydrodynamics Experimentson the NIF

M. John Edwards
Lawrence Livermore National Laboratory

Abstract

The 1D performance of laser or X-ray driven targetsto study phenomena such as
the the Richtmyer-M eshkov instability in a single, steady shock, step down in
density system has been described by a simple model based on 1D hydrodynamics.
It isshown that the distance the interface travels under constant velocity conditions
isa multiple of the separation between the ablation and shock front, and that this
multiple depends on the density ratio at the interface, and the equations of states of
thetwo materials. Themodel isapplied to NIF with the aid of 1D hydrocode
simulationsto predict the ablation-shock separation. It isfound that if adequate
interface planarity can be maintained over an experimental length equal to the focal
spot diameter, direct drive may out-perform indirect drive by up to ~factor 2 at the
same pulse length and typically = 2 at the same ablation pressure. Thisdependson
the ability to control 2D effectsin the directly driven targets (critically), and on the
optimum hohlraum performance achievable for these experiments, rather than the
achievable performance used for the study. It ispredicted that several mm of
constant velocity interface travel are potentially achievable on NIF, and that thisis
only weakly dependent on the available energy. The 1D model and itsapplication
are described. Uncertainties surrounding the predictions are discussed, and means
to resolve them outlined.



1.0 Introduction

Using high power lasers as drivers for fundamental physics studiesis now awell
established and mature science. In recent times there have been many instances when
high quality, quantitative data obtained using lasers have made a significant impact on
fundamental physics understanding. In most cases, these data were obtained using the
indirect drive method in which the laser light isfirst used to heat a hohlraum providing a
source of quasi-thermal X-rays for driving the experiment. Although thisisintrinsically
less efficient than coupling directly to atarget (direct drive), there are at least two very
important reasons why thiswas done. Either the experiment required an X-ray
environment, or because the hohlraum effectively smooths the relatively large, high
frequency spatial non-uniformitiesin the laser beam providing an effectively spatially
smooth X-ray drive source. In most cases this has been more than adequate to perform
well controlled experiments. This approach has been extremely successful. However,
with advances in theoretical and practical control over laser beam propagation and
uniformity, driven principally by laser fusion requirements, there is now reason to
reexamine the direct drive approach. Thisis particularly timely as campaigns are running
down on Nova, and transferring to other facilities, in particular Omega, and preparations
are beginning for experiments on NIF.

The type of experiments for which direct drive might be of value are those in which the
pressure generation region is decoupled from the experiment itself, and nature of the
driver isof little consequence. These are principally shock driven type experimentsin
areas such as material properties (e.g equation of state (EOS), strength, spall), and
hydrodynamics, in particular concerning instabilities and mix. Each has specific design
criteria, and objectives, and must be considered separately, but in general bigger is better,
and for agiven driver, sizeisin effect traded against pressure. For this study we have
selected the Richmyer-Meshkov instability for which to make a direct indirect drive
performance comparison. There are several reasons for this. First, it remains
controversial and as such an active area of research. Better (non) linear data are needed as
well asinformation on the transition to turbulence. Second, targets and their behavior
exhibit close similarities to other buried interface experiments such as those to measure
EOS so that any analysisisof more general value. Finally, thereisaneed to develop an
understanding of basic target dynamics to help target design, as well as to make a useful
comparison between direct and indirect drive. This should help guide preparatory
computational studies and experimental work on Omega, and assist planning for NIF.

In this paper, we develop aframework for defining optimized 1D target designs for
studying Richtmyer-Meshkov instability in single shock, single interface systems,
although the concepts and methods are readily extendable to more complex systems. We
quantify these for the NIF for both direct and indirect drive, alowing a comparison of the
relative performance of the two methods to be made at the same time as pointing out the
main uncertainties that need to be addressed and resolved. This provides a good starting
point for more detailed and refined design simulations, and a guide for design of more
complex systems.



The paper is arranged as follows. In section 2 we propose an optimized scenario and
develop a ssimple theoretical framework to describe target dynamics. This predicts a
simple parameter for quantitatively characterizing 1D performance. Thisisthen verified
with idealized hydrocode simulations.  Achievable drive conditions for NIF are
considered in section 3. Section 4 deals with applying the simple model to NIF by first
deriving power laws for the characterization parameter as a function of drive parameters
using 1D hydrocode simulations, and then combining these with the results of sections 2
and 3. Thisresultsin predictions for NIF performance in both direct and indirect mode.
Prior to concluding, implications on performance derived from Mach number
considerations are discussed in section 5.



2.0 Optimized 1D target design

Hydrodynamic instabilities grow with time, or in the laboratory frame, with distance
traveled. Inthelinear regime, the Richtmyer-Meshkov instability growsin proportion to
the distance traveled by the interface. Linear, non-linear, and turbulent growth are all of
interest, and much remains uncertain about the instability and transitions between the
various regimes. Laser experiments provide the capability of accessing high Mach
number, compressible flows, but suffer from small scales, limiting the amount of growth
achievable under well-controlled conditions (constant interface velocity conditions).
Maximizing the distance traveled under such conditions for a given laser isimportant for
optimizing the experiment and its impact on theoretical and modeling developments. In
this section we justify a near optimum configuration, and then proceed to quantify the
target design in genera terms.

2.1 An optimum configuration — simple target dynamics

We consider asimple target consisting of an ablator/pusher of 1g/cc CH, driving alow
density foam, with the instability developing at the interface between them (fig 1). We
suppose the laser or X-rays ablate the outer region of the CH in such away asto drivea
constant velocity (pressure) shock wave towards the interface. The target behavior is
depicted schematically in figure 2. Asthe shock wave passes across the interface into the
lower density material it speeds up to anew constant velocity, with the interface
following at some fraction of this depending on the EOSs of the materials. At the same
time, ararefaction propagates back into the compressed pusher towards the ablation front.
On reaching the ablation front this wave is reflected back towards the interface. It isonly
when this wave catches up with the interface that the interface becomes aware of a
change in conditions, and undergoes changesin velocity. This ends the well-controlled,
constant velocity period.

How, and when, the period of constant interface velocity ends depends on when the
“piston” (laser or X-rays) turns off. It isstraightforward to show that the thickness of the
compressed pusher is agoverning parameter in determining the duration of the constant
interface velocity period for given driver pressure, and pusher material. Maximizing this
isimportant. The rate at which the ablation front eats into the compressed pusher is
slower than the local sound speed so maintaining the drive pressure until the interface
rarefaction hits the ablation front achieves a maximum effective separation (see figure 3).
Maintaining the drive after reflection off the ablation front causes the pressure there to be
higher than it wants to be and results in a compression wave returning towards the
interface, rather than ararefaction, but does not delay the progress of the wave. A
compression wave would eventually end the constant velocity period with an abrupt
interface acceleration, whereas the reflected rarefaction would result in agradual decay in
the velocity of the interface. Thisis shown schematically in figure 4. Either might be
desirable depending on the experiment, and the latter may actually still be usable as
“adequately” constant velocity. We maintain that continuing to drive the experiment
after the interface rarefaction reflects off the ablation front is wasteful unless the



compression wave is required, and that the optimum drive ends when reflection occurs
for asimple single shock system.

Before quantifying such optimized target parameters, it is noted that there may be adrive
profile that can minimize the effect of the reflected wave on the interface, and effectively
do better than the configuration described above.

2.2 Optimized 1D target parameters — general determination

Thetarget dynamics are depicted schematically in figure 2. After the shock has passed
through the interface, the target consists of: A) shocked pusher between the ablation front
and head of the rarefaction; B) the rarefaction wave; C) aregion of constant velocity,
density and pressure following the interface; D) shocked foam, and E) unshocked foam.
We aim to determine the time at which the reflected wave catches the interface, and
equivalently the distance propagated by the interface during thistime. The head of the
wave travelsfirst through A, reflects off the ablation front, returns through B then C,
finally striking the interface. In this section the starting point, t=0, is taken to be the time
at which the shock wave strikes the undisturbed interface. It isthen straightforward to
extrapolate to the initial drive and target conditions.

First, we determine the trgjectory of the interface rarefaction, and reflected wave (B)
since the passage through A istrivial. We work primarily in the frame travelling with the
shocked pusher material, S, at speed u, in the laboratory frame. In this frame the
interface rarefaction travels back towards the ablation front at the local sound speed, c..
Upon reflection, the wave acquires velocity w=u+c, where u and c are the local fluid
velocity and sound speed respectively in the rarefaction wave (B). From the theory of
simple waves

u = C,- C = =-+C
'Y-l(o )
b ¢ = u\ico-l(g
y+1 ey-1 to

The velocity, w, of the reflected wave isjust dx/dt = u+c = 2c + x/t. Substituting ¢ from
above and integrating we obtain for the displacement of the head of the wave
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where L is the effective width of the shocked pusher, to which we shall return later.

We now calculate the time at which the reflected wave catches the point where the
rarefaction wave (B) connects to the constant velocity portion (C) behind the transmitted
shock wave. In the laboratory frame, and for strong shocks, the interface travels at u,
which can be determined by standard methods as

e 0
" _ c 2 y +1 Ei‘]o .
& +11(1-1o éno

.......... 4
where
gezf?yz 6" gezi?yz ® 2 déf - 1&3‘9%16
- - = - + -
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.......... 5
g isthe specific heat ratio for the foam, h is the pre-shock foam to pusher density ratio,
and g istheratio of the post-shock interface pressure, P, to the drive pressure, P,.
Solutionsto egns 4 and 5 are shown in figure 5.
The displacement of the point connecting the two regions B and C can be obtained from
the theory of simple waves, asthat point in the rarefaction with velocity u-u,in S,. This
IS
x:([u.-u]-q)t with [u.-u]:i(c-q)
i p i P y - 1 0
.......... 6
From the adiabatic condition we have
= ;
CRE ot
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.......... 7

so that finally we obtain for the displacement of this point in the laboratory frame



It is now straightforward to determine the time, t_, at which the reflected wave reaches
this point by setting X;4=Xia= Xi-ao-c
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At thistime, the interface will have traveled a distance uit, from itsinitial position, and
the reflected wave now approaches the interface at ¢ in the frame moving with the
interface (at velocity u). Thetimeit takes the wave to traverse this separation is just
(UteXiia0)/C . If we note that X, 5,=X;+u,t, then from egn. 6 X, .., =(u-C)t., and thetime to
traverse the constant velocity section isalso clearly t.. Therefore, the time at which the
reflected wave reaches the interfaceis

-
tcoII = Ztc = 2 C_ q
.......... 10
Finally the displacement of the interface relative to itsinitial position at the time when
the reflected wave strikes the interface is
& + 0
Lint = uitcoll = g 2 . 1 E’&]O 4Y 2L
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.......... 11

It only remains to specify L. Inthe picture of the optimized target, L isthe width of the
compressed pusher seen by the rarefaction before it reflects off the ablation front. Thusif
the ablation velocity in S, isu,, theinitia pusher width L,, the shock speed v in the

laboratory frame, and the mass ablation rate m, the width of the pusher when the shock
strikes the interface is
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and the width seen by the rarefactionis
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Below we collect these results together for g=g=5/3, and later use them in estimating the
performance of direct and indirect drive configurations.
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2.3 Model verification & implications

The model presented above indicates that the system is entirely characterized by, L, c,, h,
and g Inaddition, it predicts that the interface travel under constant velocity conditions
isdirectly proportional to L. A series of non-ablative, model 1D Hyades simulations has
been conducted to verify these results. The “target” consists of a1 g/cc pusher of initial
width x,, and afoam of density 0.1 g/cc (h = 0.1 => g » 0.24). Both pusher and foam
were assumed to behave as perfect gaseswith g=5/3, sothat L = x, /4. A schematicis
shown in figure 6.

A constant boundary pressure, P, was applied to the free surface of the pusher, and
removed when the rarefaction, reflected from the interface, arrived at the piston, thus
emulating the optimized situation described above. The shock velocity isgiven by v, =
[(g+1)/2 . Py/r ]2, and the time for the shock to traverse the pusher ist, = X, /v, The
sound speed, ¢, = (gP,/4r .)"? was varied by changing P,, while L was varied by altering
X, The simulations were followed beyond the time when the reflected rarefaction struck
the interface. The nominal case selected was P, = 240 Mbar, x, = 400 um (L = 100 pm),
so that ¢, = 100 pum/ns, v, =178 pm/ns. The model predictions are tabul ated below for a
variety of configurations.

Xo L PD Co ts (nS) tcoII ui Dxi = Lint
(bm) | (um) | (Mbar) | (um/ns) (ns) | (um/ng) | (um)
A |400 100 240 100 2.24 3.54 | 207 733
B | 400 100 960 200 1.12 1.77 | 415 733
C |400 100 60 50 4.48 7.08 | 103 733
D | 200 50 240 100 112 177 | 207 366
E | 800 200 240 100 4.48 7.08 | 207 1465

The results of the simulations are shown graphically in figure 7. As can be seen, the
simulations reproduce the predictions amost exactly in al cases. Furthermore, the
scaling predicted by the model is born out in the ssmulations. For example, A-C should
all result in the same L, although the time scale over which this happensis quite
different. Also, afactor 2 changeinL (D & E) isfaithfully reproduced inL,, as
expected. Thisimpliesthat if L, were the only consideration, the time scale of the
experiment isirrelevant provided L is preserved.

Finally, it is noted that the expression for L, is only weakly dependent on g and varies ~
q“*%hY2. Reducing the density ratio to 0.01 increases L, by ~ 2.65. Further, ash->0
(a/h)"?->1+C6 and the model predicts u, -> 3(1+1/Cb)c, = 3 ¢, + u, which is exactly the
solution expected.



3.0 NIF Driver Performance
3.1 Available energy

For the planar experiments considered here it is assumed that all 96 beams from one end
of NIF can be used in an effective direct drive experiment. While up to the entire 192
beams might be used for indirect geometry, the preferred configuration is also taken to be
single ended into a half hohlraum, providing roughly equivalent performance and greatly
enhanced backlighting capability (fig 8).

In practice, and for the achievable drive conditions, 1D target performance improves with
the intensity and duration of the drive radiation. It is expected that most experiments of
thistype will use® 5nslaser pulses. The maximum laser energy deliverable to the target
by 192 beamsin 3w istaken to be 2.5 MJ. Thisis consistent with recent predictions of
laser performance at 5nsand 13 ns. It isassumed that beam staggering can be used to
achieve laser pulse durations above 13 ns. Further, it is assumed that phase plates can be
fabricated to produce areasonably flat spatial profile containing most of the energy ina
single spot.

3.2 Direct drive

The above assumptions place amost no constraints on the achievable laser intensities of
interest for directly driving planar hydrodynamics experiments. The maximum intensity
achievableis

. = 160 Z2w6 _1_ g5 o2
€1250 t_¢2,

wheref isthefoca spot diameter. The limiting factors will be 2D effectsin the
hydrodynamics of the package causing distortion of interface planarity, and 2D effectsin
laser target coupling which could both distort the interface, and result in less efficient
pressure generation. While detailed 2D simulations should go along way towards
quantifying these effects, it will not be possible to determine the influence of laser plasma
instabilities for 10s ns pulses until experiments commence. For now we assume there

will be no significant deleterious limitations.

3.3 Indirect drive
In the case of indirect drive past experience with laser plasmainteractionsimply alimit
to the hohlraum filling density allowable before the laser plasma interaction undergoes

catastrophic instabilities. Thisleads to a relationship between the minimum scale of the
hohlraum permissible as a function of laser energy and pulse length, which in turn results

10



in an upper limit to the achievable radiation temperature. It can be shown that hohlraums
that fill to the same density lie approximately on a surface defined by*

Pt
F ~ const

where the constant defines the value of the density, and A is the hohlraum wall area.

The hohlraum temperature can be approximated by balancing the laser energy converted
to X-rays against energy absorbed by the hohlraum walls leading to

0.3
T _ EQthO%)O
e A @

where g, is the instantaneous X-ray conversion efficiency.
Combining the two relationships, and assuming e, is approximately constant, we find

D - ( Et)0.25
T _ EO.15 t 0.321

Thisisimportant because it implies that if plasmafilling governs the hohlraum
performance, the experimental length scales slowly with laser energy for a given pulse
length , roughly? ~ E*®,

To obtain the constants in the above relationships we take filling to 1/4 critical density for
blue light to be appropriate

~ 0.136

where the hohlraum areaiis just p(D%/2+DL) = pD?(1/2+h) where D isthe diameter, L
thelength and h =L/D. Asageometry baseline we take the hohlraum for Haan's pt NIF
design: D = 5.5 mm, h=0.86, and a 50% LEH. By preserving the geometry (aspect
ratios) as the hohlraum scales in size the laser beams should continue to enter the
hohlraum safely. A better estimate of the hohlraum temperature, T, can be obtained by
balancing the laser energy converted to X-rays against losses into the walls, the
experimental package, and out through the laser entrance hole

10e,Pdt = 0186 T>*¥t°°A,dt + L03T* [Ag + Aw(l- o)] dt

! Thisis areasonable approximation provided the hot laser heated plasma governs the filling which is
usually the case sinceit’s velocity is much higher than that of the colder X-ray ablated plasma

2 Ablation pressure scales roughly as T**for low Z ablators, and velocity scales as the sguare root of this.
Thus hohlraum size and experimental length scale in asimilar fashion with laser energy.

11



where temperatures arein heV, timesin ns, areasin mnv, laser power in TW, and
energiesin hJ. e, isthe instantaneous X-ray conversion efficiency, and a is the albedo of
the experimental package (ie the fraction of energy reflected back into the hohlraum).

For short ~ 1ns pulses thisis typicaly no more than 0.1, while for longer 3 10 ns pulses,
thismight reach ~ 0.5. The areas are given by

é Z+y 2|0
AN TED2€1+1'M'

§ 2 4
— D’ 2
Ag, = 2 §
_ nD’ 2
Aegn = 2 Y

where h, b and g, are the ratios of hohlraum length, LEH diameter, and package diameter
to hohlraum diameter respectively.

Combining the above relationships for a constant temperature hohlraum, and setting e,
=0.7, h=0.86, a=b=g=0.5 we finally obtain the following scaling laws

T = 444w pom

€1.259

heV

025
D = 470 Fwo s
&1.050

For full energy from asingle ended driver, the expression in bracketsis of course unity,
and the temperature expression is avery good approximation to the full energy loss
equation at least up tot ~ 100ns. Note that if filling limits the hohlraum performance
then the drive scales very slowly with the available energy.

The above temperature equation is agood starting point, and its predictions are shown in
fig 9. Totest it we compute the peak temperature for several hohlraums simulated by
Lasnex for a 375 kJ, 3ns square laser pulse. The results are shown in fig 10. The peak
temperature is rather well represented by the scaling law, albeit fortuitoudly.
Nevertheless, it lends some credence to the simple scaling law. On further examination
of the Lasnex simulations we see that the failure mechanism in the under-sized cansis
roll over due to plasma build up near the LEH causing laser deposition there and X-rays
to escape rather than couple inside the hohlraum. Thisisadifferent failure mechanism
from filling assumed above, and results in an effective pulse length less than would be
achieved in alarger hohlraum asisindeed seen in the simulations. The scaling law does
not represent this situation. Furthermore, evidence on Nova suggests that filling is not
the limiting performance factor for hohlraums heated by blue light, indicating that roll-
over might be the eventual safety valve. Therefore, while the scaling law might well
reasonably predict an achievable performance, it is not obvious that it is the optimum

12



performance. To better quantify the achievable drive conditions NIF experiments and
detailed ssimulations will be required.

Finally, we note that in practice, some X-ray pulse shaping may be necessary to achieve
an adequately constant interface velocity. This could be achieved with constant ablation
pressure, which would necessitate a laser power falling with time after the desired
temperature had been reached, which would tend to reduce dlightly the temperature
values predicted above.

13



4.0 Optimized NI F experimental parameters

In this section we take the results from sections 2 and 3 and determine target dimensions
and interface travel as afunction of driver conditions. This allows usto compare direct
drive and indirect drive performance within the assumptions and caveats discussed above.
The approach we take isto fit appropriate quantities (such as ablation pressure, mass
ablation rate, shock distance, and ablation front to shock front separation) predicted by
1D hyades simulations to power laws in time and laser intensity or radiation temperature.
Together with the results of section 2, this provides all the information necessary to
estimate the important experimental parameters, (interface travel under constant velocity
conditions, L,,, the pusher thickness, L, and the total length of the experiment, L,,,=
L«+L,), asfunctions of pulse length, and intensity or drive temperature. Section 3 then
allows usto overlay achievable NIF driver performance on these results revealing
optimized experimental parametersfor NIF. We do thisfirst for full NIF energy, and
then consider the effect of reduced energy variants by comparing these results with those

for 1/2 and 1/4 the total number of beams.
4.1 Power laws

Power law fits to hyades simulations are compared with other models and tabul ated
below based on the following functional form

F = al;t |aser

las

Fr, = aTlt® = alft® Xtay

where F isaphysical quantity such as ablation pressure, | isin 10®° Wem?, T isin heV,
andtisinns

Hyades Direct Drive (NIF, t = 5ns)

Fla a b c
P, (Mbar) 100 0.79 -0.12
X, (Um) 115 0377 |0.95
X, (um) 90 0.42 0.95
Xo (um) 23 0.28 1.0
m, (mg/lcm® | 2.65 0.6 0.65

Lindl Direct Drive

Flas a b c
P, (Mbar) 80 0.67 0
X (um) " 103 0.33 1.0
X, (um)* 80 0.33 1.0
X (um) "2 23 0.33 1.0

m, (mg/lcm?) |1.05 0.33 1.0

14



Hyades X-ray Drive

Fr a b c a B
Py (Mbar) 6 3.6 -0.24 370 0.9
X, (um) 32 1.8 0.88 251 0.45
X, (Um) 24 2.0 0.85 237 0.5
Xg (M) 7.7 1.0 1.02 24 0.25
m, (mg/cny) 0.65 3.2 0.65 25.3 0.8
Lindl X-ray Drive
Fr a b c o B
Py (Mbar) 3 3.5 0 170 0.875
X (Um) 20 1.75 1.0 147 0.44
X, (um) "t 16 1.8 1.0 125 0.45
Xo (Um) ! 35 1.55 1.0 21 0.39
m, (mg/cm?) |0.3 3.0 1.0 9.3 1.0
Approximation to Zero albedo X-ray Drivefor T <200eV *
Fr a b c o B
P, (Mbar) 5.8 3.5 0 320 0.9
X (pm) 28 1.75 1.0 205 0.45
Xy (Um) ! 5.3 1.45 1.0 28 0.36

For the Hyades simulations X, was obtained directly from the simulation and a power law then
rendered rather than using the separate laws derived for X, and X.,.

' Lindl quotes values for P,, and dm,/dt, the X values are derived from these assuming g=5.3.

! The approximate power laws for X, and X, cannot be extracted easily from X, ~ (P, and
dm,/dt since for X-ray drive these scale differently with temperature. The values quoted have
been obtained by approximating X, - X, by asingle temperature power law, CT?, by formally

2
minimizing (‘1) [)(S - X, - CTE’]2 dT with respect to C and d to obtain the “ best fit”

coefficients. Using this approach for Hyades X-ray drive we obtain 7.95 and 1.04 for the
coefficient and exponent respectively compared to the values of 7.7, and 1.0 obtained from visual
inspection.

2 A simple mode! assuming flux limited electron transport with f=.044 gives a=26 compared to
23.

® The values quoted are a good approximation for T £ 200 eV.

The 1D performance predicted by the model isintimately linked to the derived power
laws, and in particular, X, the separation between the ablation and shock fronts. Itis
interesting to note that for the conditions considered, X, is not very different for any of
the models, whether direct or indirect drive, although other parameters such as P,,, can be
quite different. This suggests that any fundamental performance advantage of one drive
method over the other would derive largely from an ability to operate at higher drive flux.
It isimportant to confirm these results with more reliable 1D simulations.

15



4.2 Target performance predictions

Pusher thickness, L, interfacetravel, L, are plotted in figure 11 as a function of laser
pulse duration for direct and indirect drive. Contours of constant drive flux, derived from
the Hyades power laws coupled with the results of section 2, appear as straight lines
fanning out from the origin. NIF performance for various laser spots is superimposed for
direct drive, and the performance predicted by the hohlraum scaling law, derived in
section 3, is shown for indirect drive. To show indirect drive sensitivity, the effect of a
factor 2 flux increaseis also shown. These plots can be used to determine the likely
target performance and parameters for a given pulse length, based on the assumptions and
models described in the previous sections. It is noted that the pusher thicknessis aweak
function of pulse length. Thisis because the shock velocity scales as (P ~ T¥t%*?and
the distance traveled scales as T*#1°® so that on the hohlraum scaling curve, the shock
distance scales ~ t°2. In fact, it can be shown that reasonably good fits to the direct and
indirect drive target parametersfor 5 £ t £ 100 ns are

L, » 640 o um

045 Direct drive
m > 940t um
L, » 1100 ¥ um
t, » 0.9 q(;.sgz
L, » 4861t.° um
Indirect drive

L, » 205t
Lo » 524 2 um

as

t » 1025 2%
Thetime it takes the shock wave to reach the interface is denoted t, For the direct drive
expressions we have applied the additional constraint that L, = D, for reasons that will
become clear shortly. These results are significant because they imply that the rate of
increase of performance is arelatively weak function of the pulse length.

Superimposed on the direct drive plot of L., isthe line showing when L, = D, Thisis
aguide to when 2D hydro effects are likely to become important. We use this condition
later to make a comparison of direct and indirect drive performance. 1t must be stressed,
however, that the practical performance achievable with either method must be quantified
through careful 2D simulation and experiment.

4.3 Comparison of model with 1D hyades simulations
In order to test the model and robustness of using the power law fits we have conducted

hyades simulations for different intensities and pulse lengths. In al cases the laser and X-
ray drive pulseswere square. NIF target dimensions have been selected from figure 11
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for a26 nslaser pulse. Inthedirect drive system we assume L,,=D,, S0 that the
appropriate intensity is ~4.5X 10" Wem?, corresponding to an ablation pressure of about
35 Mbar when the shock reaches the interface. For indirect irradiation the achievable
drive temperature is 155 eV, corresponding to an ablation pressure of around 15 Mbar
when the shock strikes the interface. In both cases, the shock reaches the interface at
about 17-18 ns, and the remainder of the pulseis taken up primarily by the head of the
interface rarefaction (sound wave) traveling back towards the ablation front. In order to
demonstrate this optimization criterion, we have also selected target parameters for drives
which end when the shock strikes the interface (ie at 26 ns). According to section 2,
these targets should perform less well. The results of the simulations are shown in fig 12.
R-t plots are presented in 12a for the optimized drive pulse. These clearly show the
target dynamics, in particular, the period of approximately constant interface velocity
followed by gradual deceleration as expected. The deceleration is more noticeable for
indirect drive. In practice, the hohlraum will continue to radiate after the laser pulse,
probably resulting in areduced interface deceleration.

The model and simulated interface velocities are shown in fig 12b. The optimized drive
results have been displaced vertically for clarity. However, the earlier shock arrival at the
interfaceis real because only 17-18 ns of the 26 ns drive pulseis taken up by the shock
traversing the pusher. First we note that the model does afair job at reproducing both the
magnitude of the interface velocity, and the approximately constant velocity duration,

and that the optimized configuration does indeed perform better. It isalso evident that
the interface velocity decays weakly with time over the “constant velocity” period. This
results from the weak decay of the ablation pressure with time and indicates that pulse
shaping is indeed necessary to achieve exactly constant velocity.> The significantly
higher direct drive interface velocity wins over the slightly longer indirect drive constant
velocity period giving direct drive better performance in agreement with the model
prediction. We aso note that the deceleration of the interface velocity after the
rarefaction returns to the interface is less pronounced than in the ideal simulations of fig
7. Thisisbecause, unlike in those calculations, the hot ablated plasma provides a non-
zero “boundary” pressure. The interface acceleration after the rarefaction kicksin at ~ 50
nsis somewhat less than ~ -1/2 um/ns? while the interface velocity is ~ 50 pm/ns. Over
the period to 100 ns, vt and gt? are therefore of the same order of magnitude so that the
Rayleigh-Taylor component could be expected to be not insignificant during thistime.

Finally, simulations have also been conducted for 5 ns pulses for alaser intensity of 10"
Wecm?, and an X-ray drive temperature of ~270 eV to test the temporal and intensity
scaling (fig 12 c). In these simulations the drive also ended when the shock arrived at the
interface, and these are thus not optimum in the sense defined in section 2. Further the
direct drive intensity is ~ factor 8 below that required to make L,,=Dy,, and would
therefore be considered a very conservative design. Again, we note the model reasonably
reproduces the important aspects of the simulations suggesting that the 1D model and

power laws do indeed provide a good starting point for more refined design calculations.

® There are also energy flow and ionization effects that might cause variations in interface velocity during
the supposedly constant velocity period. This needs to be assessed further.
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However, it also stresses that the accuracy of the results depends on the accuracy of the
power laws derived from 1D radiation hydrodynamics simulations.

4.4 Comparison of direct and indirect drive performance

Target parameters are compared for each drive method in figure 13. As can be seen,
direct drive promises up to ~ factor 2 improvement over indirect drive for short pulses,
reducing to less than 50% improvement above ~ 35 ns (see fig 15). The main reason for
thisisthe ability of direct drive to operate at high intensity within the assumptions of the
model. The on target flux/intensity is shown in figure 14 together with the pressure
generation as afunction of pulse length. The laser intensity on target is much larger (~
factor 10) than the X-ray flux particularly at shorter pulses, and the ablation pressureis
correspondingly higher for direct drive (up to ~ factor 3). This needs to be verified with
more reliable 1D simulations.

The importance of the ability to control 2D effects for direct drive can be seen in figure
15 where we show the ratio of the width of the drive area (hohlraum diameter, or focal
spot size) to the length of the experiment. For direct drive we have made this unity.
However, we see that L /D £ 0.3 for indirect drive indicating that 2D effects are
unlikely to be alimiting factor for X-ray driven targets. To quantify this, if in practiceit
is necessary to operate laser driven systems such that Dy, » 2 L, any significant
advantage over indirect drive islost (see fig 13). On the other hand, if we can
successfully control 2D effects by suitable tamping and irradiation geometry, then direct
drive may do even better.

4.5 Effect of the number of beams/ available energy

From section 3 it is seen that the X-ray drive temperature is aweak function of the
available energy. Thisisbecause asless energy isfed into the hohlraum we can afford to
make it smaller from afilling point of view, thereby reducing the wall losses and
recovering some of the energy available to drive atarget. Inthe case of direct drive, as
the laser energy is reduced the experimental length also decreases rather slowly. If we
preserve theratio of L,/ D, We can also afford to decrease the spot diameter, thereby
recovering the intensity somewhat. These effects lead to a weak dependence of target
performance on the available laser energy. Thisisshown infigure 16 where target
parameters are plotted for 96, 48, and 24 NIF beams. The performance for 24 beamsis
predicted to be about 80% of that at full energy. Thisisvery significant because it
implies great flexibility, leaving many beams for multiple backlighters, and suggests that
valuable experiments can be performed early in the commissioning of NIF aslong as the
beam geometry can provide adequate symmetry. Finally it is noted that the relative
performanceis virtually unaffected by the available energy.

4.6 A comment on pressure regimes and target structure

So far we have not considered the state of the shocked materials. A detailed discussion
of the influence of material properties and energy flow on the devel opment of instabilities
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is far beyond the scope thiswork. Here we simply raise this as an issue that should be
considered. There are two extremesto be addressed. On the one hand at short pulses, 3
100 Mbar shocks are promised. This corresponds to temperatures ~ 50 eV in the CH
pusher, sufficient to form asmall radiative precursor. Inthe foam, temperatures of ~ 100
eV would result from shock heating if radiation effects were ignored, which of course
they cannot be under these circumstances, and we conclude that radiation effects must be
significant in these targets. If we could operate direct drive at close to 10" Wem™?,
which is close to optimized in the sense L, »Dy,, for a~ 5 ns pulse, without laser plasma
instabilities dominating the experiment, we would expect to generate pressures close to
400 Mbar in the pusher, and 100 Mbar in the foam. Thiswould clearly open new
regimes for avariety of experiments.

At the other end of the scale we generate ~ 10 Mbar pusher shocks for long pulses and ~
few Mbarsin the foam. Thisstill correspondsto ~ 10 eV foam temperatures, well into
the plasmaregime. However, at the lower drive pressures (longer pulses) the foam
structure may become more influential on the hydrodynamics, in seeding instabilities,
and on the growth itself, particularly as there would be |ess radiative preheating from the
shocked material to help homogenize the foam ahead of the shock wave. While these
effects may turn out to be small they certainly must be considered, particularly as many
experiments rely on using low density foam targets. We need both experiment and
theory to support studiesin this area.
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5.0 Mach Number Considerations

An important parameter in the development of shock driven instabilitiesis the Mach
number, M, of the incident shock wave (defined as the shock speed in units of the sound
speed in the up-stream material, ahead of the shock). Thisis because the Mach number
determines how compressible the interaction is. It is straightforward to show that the
compression induced by a shock wave in afluid with constant specific heat ratio, g, is

o MGy ) e

oy M?(y - 9)+2 (v-9

where 1 and 2 refer to pre and post shock states respectively. For typical laboratory
plasmas g~ 1.5, and the above ratio asymptotes towards (g+1)/( g-1) approximately for M
3 5. Lasers can generate much higher pressures than other laboratory drivers, and are
therefore attractive for accessing the “fully” compressible regime. A critical
consideration for laser drivers, however, is preheat from X-rays and fast electrons. This
is because, raising the temperature ahead of the shock increases the sound speed,
requiring alarger shock velocity, and therefore drive pressure, to maintain the Mach
number. Below we begin to address how to assess achievable regimes with laser drivers.
Recognizing that preheat is a governing parameter, and to some extent controllable, we
take the approach of determining the level of preheat allowable to achieve aMach
number up to agiven value. The target design must then take this into account.

5.1 Relating Mach number to drive pressure

The Mach number is determined by the ratio, p, of the shock (drive) pressure to that in
the pre-shocked (preheated) material*

-1) 1 1-p
M2 = Al — iy, -2 +ly, +Yp} ———
f—l(yz_l) 5 (s D+t 490} A
For g,= g,= gthisreducesto
1
M* = Z{(v-1)+(v+1)p}

For atypical CH pusher plasma, and for p3 2, agood approximation isM » 0.9 p*2.

The simplified expression above is displayed in figure 17 for variousg. Ascan be seen, g
has only a small effect on the Mach number for a given pressure ratio. These results can
be used to estimate drive pressure as afunction of preheat pressure (and temperature
through the EOS), and Mach number. For example, it can be seen that to achieve
M»(3,5,10) requires p»(10,30,120). Figure 18 includes preheat pressure against

4 For this expression to be valid requires the following approximations to hold: ¢y » (gPIr ),*?;
h,,={d(g-1) P/r},,. Thesound speed (cq) g, refersonly to the term 1/2g,
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temperature calculated from hyades EOS data, and the corresponding drive pressure
curves for M»(3,5,10). These results depend on the validity of the simplifying EOS
approximations leading to the above expressions. Superimposed on the plot is the sound
speed calculated by hyades and a perfect gas type sound speed with g=1.5, showing that
at least this part of the approximation is reasonable. The Mach numbers were aso
checked using the same g, and it was found that p»130 was a slightly better match for
M=10, and thisistheratio plotted, rather than 120. These should be verified with
hydrocode simulations, which could aso be used to construct such plots for avariety of
potential pusher materials, using the above expressions as a guide.

5.2 Direct drive performance

The drive pressure generated by direct drive is also shown as afunction of laser intensity
infigure 18. Asthe laser intensity, and therefore drive pressure, isincreased, the
allowable preheat to achieve say M3 5 also increases. From previous discussion we know
it is possible to operate at |, ~ 3X10™ Wem? over a pulse length between 5 and10 ns and
keep L,»Dg,. Provided adequate interface planarity is maintained, figure 18 indicates
that the preheat temperature must remain below ~ 10-15 eV, which should be easily
achievable. If we needed to operate at ~ 10" Wecm then we would need to keep
preheating below about 1 €V, which also seems feasible, particularly given pusher
thicknesses.

If it is assumed that L,» Dy, is the appropriate optimization parameter, operating at ~
10" Wem?, and ~ 60 ns gains roughly a factor 4 over the comparable point at 3X10%
Wem? and ~ 8ns. If it isthe case that lower pressures result in better planarity, then this
factor might increase. Thus provided preheat, and planarity can be adequately controlled,
long pulses of many tens of ns remain attractive.

Simulations are necessary to bound preheat levels and to demonstrate that adequate
control is feasible within the objectives of the experiment. Experimental methods to
confirm preheat bounds either directly or indirectly will be necessary. Consideration
should be given to assessing the role of hot electrons in preheating.

5.3 Indirect drive performance

The above analysis has been repeated for X-ray driven targets. The results are shown in
figure 19. The X-ray flux achievable is determined by the hohlraum performance.
Smaller hohlraums will increase the flux but at the risk of greater preheating both from
X-rays, and hot electrons. Reducing preheat to eV levelsin X-ray driven targetsis more
demanding than for directly driven systems because of the copious quantities of hard X-
rays and their relatively long mean-free-path, mfp, in low Z materials. For example, the
mfp of 2.5 keV, gold M-band X-raysin solid CH is~ 60 um, and typically ~ 10 % of the
laser energy can be converted into such X-rays. Without efforts to control preheat, thin,
undoped pushers are easily heated to ~ 10 €V in 1ns, Tz~200 €V Nova experiments.
However, very much thicker targets will be used on NIF (~ 10 - 20 mfp for 2.5 keV
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photons), and while we anticipate some design effort will be necessary, controlling
preheat to eV levelsis not expected to be problematic.

It is expected that NIF will typically operatein thet® 5nsrange and correspondingly Ty
£ 260 eV. To achieve M 3 5 under these conditions, preheat must be kept below ~ 7 eV,
which is probably achievable. For comparison, thisis roughly half the preheat
temperature allowable for direct drive at a comparable pulse length. The 1 eV preheat
constraint occurs at about 155 eV, and ~ 26 nsif M 3 5isrequired.

Aswith direct drive, smulations are necessary to more accurately assess prehesat levels
and necessary control measures. These might impact on the effective performance.

5.4 Discussion

In the experiments considered here, lower pressures are generated at comparable pulse
lengths with indirect drive compared to direct drive because of the energy “lost” in
heating the hohlraum. As a consequence, the upper preheat temperature allowableis
lower for X-ray drive than for laser drive (at comparable pulse lengths) by about a factor
2. Without more information on actual preheating levels, it is difficult to draw concrete
conclusions. However, if we select 1€V asalower limit on our ability to control preheat,
then we must operate above approximately 2X 10* Wem (t £ 50 ns) for direct drive, and
above~ 155 eV (t £ 26 ns) for indirect driveto achieve M 3 5. Under these
circumstances, direct drive's advantage over indirect drive is exaggerated.

It is possible to quantify the relative performance further if it is assumed prehesat is either
negligible or the same for both drive methods. Then Mach number is synonymous with
ablation pressure. Thisis quantified in fig 20 in which target performance ratio is plotted
applying the additional constraint that both drive methods operate at the same drive
pressure. We have chosen to plot this against direct drive pulse length, displaying the
corresponding, shorter indirect drive pulse length as aratio also. For comparison we
have included the performance ratio for operating at the same pulse length (as opposed to
ablation pressure). As can be seen, if we require that both methods operate at the same
ablation pressure, then direct drive can in principle use longer pulses, and make further
gains over indirect drive.

Naively it is expected that we will need greater effortsto control preheat in X-ray driven
targets than their directly driven counterparts, particularly for shorter pulse lengths. On
the other hand pushers are relatively thick, and generating significant preheat may turn
out to be challenging, even requiring separate hard X-ray sources. Thisis an additional
advantage of the single sided design particularly for experiments in which significant
preheat is required.

Finally, these results are dependent on the accuracy of the EOS data used, and should be
regenerated with the most up to date data, and for various potential pusher materials.
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6.0 Conclusions

We have developed a simple understanding and model to describe the 1D hydrodynamics
of laser and X-ray irradiated, planar targets, consisting of a pusher acting on alow
density foam, driven by steady shocks. The model accurately predicts the propagation of
hydrodynamic waves in targets and in particular predicts the distance the pusher-foam
interface can be driven under conditions of constant velocity. Thisis particularly relevant
for, amongst others, Richtmyer-Meshkov and equation of state studies. The distance the
interface travels at constant velocity is shown to be a simple multiple of the effective
shock-ablation front separation, the denstiy ratio between the unshocked foam and
pusher, and to alesser extent on the EOSs of the components. For a given drive this
distance is maximized by driving the target until the rarefaction reflected from the
interface upon shock arrival reaches the ablation front.

It appears that for NIF direct drive out-performs indirect drive by up to ~ factor 2 for
short ~ 5 ns pulses at the same pulse length, and typically ~ factor 2 at the same ablation
pressure, which isimportant for Mach number scaling. For a~ 1g/cc pusher and 0.1 g/cc
foam constant velocity interface travel isabout 1 mm at 5-10 nsrising to 3-4 mm close to
100 ns. Pusher thicknesses are typically ~ 1mm and in the case of direct drive laser
intensities are moderate accept at the shortest pulses so that with modern smoothing
techniques filamentation is probably controllable, but this needs to be verified. These
results are only weakly dependent on the available energy, with the interface travel
falling to ~ 80% of itsoriginal value if the number of beamsis reduced by 4 from 96 to
24,

The validity of these predictions relies on the accuracy of the 1D hydrodynamics
modeling used to predict the shock-ablation front separation, as well as the assumed drive
performance. The 1D modeling needs to be corroborated with a more reliable
computational model. For indirect drive atemperature scaling was normalized to lasnex
simulations at 3ns and was used to extrapolate to many 10s ns based on a constant filling
model. Whilethisislikely to be a good approximation of achievable performance, itis
not necessarily optimum. Several careful 2D simulation could easily bound likely
performance and refine the quantitative results. For direct drive the critical factor isthe
ability to control 2D effects of laser-target coupling and hydrodynamics. The above
conclusions concerning performance assume it will be possible to maintain adequate
interface planarity over an experimental length of 1 focal spot diameter, based on lateral
relaxation times. If apractical limit turns out to be 1/2 focal spot diameter, then the
performance of both methods is roughly equal. Although 2D simulations would probably
do well at quantifying 2D hydro effects and showing how to mitigate them, experiments
will undoubtedly be required to verify laser target coupling predictions. An additional
untested element for both methods is the very long pulse regime. Any problems
associated with using many 10s ns pulses will only be uncovered as experiment begin.

The performance of the target in terms of the constant velocity interface travel is aweak

function of the pulse length ~ t“2, but long, many 10s ns pulses remain attractive. A
constraint isimposed on the lower intensity or drive temperature, and therefore pulse
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length, usable by the Mach number required for the pusher shock. The lower limit will
depend on the actual preheat levelsin the targets, and these will need to be assessed. At
1eV preheat in a CH pusher, the intensity and temperature limits are ~ 2X10* Wcm'?
(~60 ns) and ~ 155 eV (~26 ns) respectively.

Many experiment advocate or indeed necessitate the use of low density foam
components. While it has been recognized that the foam structure might influence
dynamics this has largely been glossed over partly because only recently hasit become
feasible to begin to predict foam structure effects with the advent of new methods and
computers. Anomalies are often observed in experiments involving foam components. It
is therefore important to invest both experimental and computational effort to ensure that
foams are adequately understood to ensure that experiments are correctly interpreted.

Finally, it is noted that at short, ~ 5ns pulses, NIF is capable of illuminating targets with
intensities ~ 10" Wcm?, generating ~ 400 Mbar pressures over ~ 1 mm scale focal spots.
This would open up exciting possibilities, but may not be feasible because of |aser
plasmainstabilities. The physics potential warrants estimates of the ability of modern
techniques to control these instabilities to an acceptable level.

Thiswork was performed under the auspices of the U.S. Department of Energy by the
University of CaliforniaLawrence Livermore National Laboratory under contract No. W-
7405-Eng-48.
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Figure 1 Schematic of generic target consisting of a high density pusher and low
density foam
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Figure 2 Schematic of target dynamics before and after the shock wave has passed
through theinterface: A) shocked pusher; B) rarefaction wave; C) constant velocity
region connecting rarefaction to interface; D) shocked foam; E) unshocked foam. In
reality energy flow (due primarily to radiation for the conditions considered) causes
departuresfrom theideal profiles depicted above.
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Figure 3 Schematic of wave dynamicsin thetarget. The black lines show the
situation in which the drive (ie an ablation wave) is maintained until the interface

rar efaction reaches the ablation front, while the white lines depict the bahvior if the

driveisturned off when the shock wave reachestheinterface.
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Figure 4 Schematic of interface velocity history showing two possible scenarios

depending on thedrive history. A compression returnsto theinterfaceif thedrive

ismaintained after the interfacerarefaction reaches the ablation front.
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Figure 5 Solutionsfor a strong shock passing through a step down interface. Both
materials have y=5/3.
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Figure 6 Schematic of set up for 1D idealized ssmulationsto test the 1D target

dynamics model. The pressure pulse endswhen theinterface rarefaction reaches

theleft edge of the pusher. Inreality the pressure does not drop instantaneously to

zerowhen thedriveisturned off. Thisresultsin aweaker decay of the system, and

areduced deceleration of the interface when the rarefaction eventually returns.
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Figure 7 Interface velocity history (left) and trajectory (right) predicted by hyades
for variousinitial configurationslabeled by drive pressure and pusher thickness
(P,X,). Theresultsconfirm the prediction of the 1D hydrodynamicsthat the
distancetraveled by the interface under constant velocity conditions depends only
on the width of the compressed pusher (for given target compositions). Thereisalso
likely to be a weak pressure dependence because of sound speed variations. This
will also be material dependent).
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Figure 8 Schematic of drive configurations considered for NIF.
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Figure 11a Constant velocity interfacetravel as a function of pulse length predicted
for direct drive. Linesof constant intensity are shown as dashed lines fanning out
from the origin. NIF performanceisoverlaid assolid red linesfor variousfocal spot
sizes. Thedashed black curveispredicted performance for the condition L,,=Dg,q.
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Figure 11b Constant velocity interfacetravel asa function of pulselength predicted
for indirect drive. Linesof constant flux are shown as dashed lines fanning out
from the origin. NIF performanceisoverlaid asa solid blueline. A factor of 2
increasein driveflux isdepicted by the dashed blue curve indicating the sensitivity
tothedrive model. Thedirect driveregion bounded by 6 and 8 mm focal spotsis
also shown for comparison.
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Figure 11c Model predictionsof L, for direct and indirect drive. Thelabelingis
similar tofigure 11a&b. Thelength of the experiment isjust L ,=L ,+L .
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Figure 12a Rt plots showing dynamicsfor direct drive (left) and indirect drive
(right) for alaser intensity of 4.5X10" Wcm?and X-ray drive temperature of 155
eV respectively. The pulseswere square and 26 nsduration in both cases.
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Figure 12b Comparison of model predictions with hyades simulationsfor optimized
drive-target configurations also shown in fig 12 a (blue), and for a less efficient
target in which the drive ends when the shock strikestheinterface (red). Theblue
curves have been displaced vertically by +10 um/nsfor clarity.
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Figure 12c Model predictions compared with smulationsfor short, high drive
targets. Theapparently slow risein theinterface velocity isa numerical artifact and
dueto the spatial resolution of the calculation and the temporal sampling of the
result.
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Figure 13 Comparison of direct and indirect drive performance predicted for NIF in
terms of constant velocity interfacetravel. Thedirect driveispotentially up to ~
factor 2 better than indirect drive, but performance depends critically on the ability
to control 2D effects.
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Figure 14 Comparison of flux on target and ablation pressurefor direct and indirect
drive predicted for NIF assuming L,,=D,, for direct drive. Under these
circumstances, direct illumination puts~ 10 times mor e flux on target and generates
~ 3 timesthe pressure of X-ray illumination.
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Figure 15 Ratio of direct to indirect drive performance (left) and ratio of spot
diameter or hohlraum diameter to length of experiment (right). Most advantage for
direct driveispredicted for relatively short pulses. Notethat the hohlraum
diameter ismuch greater than the experimental length indicating that 2D effects
should not be problematic for indirect drive.
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Figure 16a M odel predictions of performance and target parametersas a function of
available laser energy.
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Figure 16b Direct versusindirect drive performanceratios displayed for various
drive beam configurations. Therelative performanceisonly very weakly dependent
on the available laser energy.
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temperature are shown, based on fig 17. The hyades sound speed is shown and
compared with a perfect gaslaw. Ablation pressures corresponding to certain
intensities areindicated as horizontal lines.
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Figure 19 Asfig 18 but for indirect drive.
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Figure 20 Direct to indirect drive performanceratio at either the same ablation

DD pulse length (ns)

pressure or same pulse length asa function of thedirect drive pulselength. For the
case of equivalent ablation pressure (shown), theratio of thedirect toindirect drive

pulse length is shown, and isapproximately 2. Therequirement to operate at the

same ablation pressurewould exagger ate direct drive' s advantage.

38



